INTRODUCTION
The East African Rift System (EARS)-from southern Tanzania and Lake Malawi, where the African continent begins to break apart, northward to the Afar Triple Junction, where the on-land Danakil Depression meets the oceanic spreading ridges of the Red Sea and Gulf of Aden (Figure 1 )-provides exceptional opportunities to study geologic processes controlling continental rifting and eventual ocean formation. An outstanding feature of the EARS is the diverse and extensive magmatism associated with the various facets of rifting along its strike, making it a prime target to study the role of magmatism in continental break-up, one of the major issues regarding ocean formation. Results of investigations on this topic thus far suggest that mantle plume-type melting provides the bulk of magmas associated with rifting in the EARS, suggesting active, in this case plume, magmatism plays a significant role in ocean formation (e.g., Rogers, 2006; Furman, 2007) .
However, the number and nature of plumes involved in rifting in the EARS are controversial. From the geophysics viewpoint, only one plume or several plume heads from a single megaplume, the African Superplume, is/are involved (e.g., Ebinger and Sleep, 1998; Nyblade, 2011; Hansen et al., 2012) . Geochemical and petrological variations along the length and breadth of the EARS, on the other hand, suggest the possible presence of a number of plumes (Figure 1) . Although it is widely accepted that the high 3 He/ 4 He Afar plume-henceforth termed "C"-centered at Lake Abhe in the Afar region, is present beneath the Main Ethiopian Rift (MER; e.g., Pik et al., 2006; Rooney et al., 2012) , it has also been suggested that a Kenyan plume, henceforth termed "K," exists beneath the Kenyan Rift to the east of Kenyan Dome (e.g., Rogers et al., 2000; Rogers, 2006) . Moreover, Chakrabarti et al. (2009) propose a heterogeneous mantle plume supplying the Virunga Volcanic Province (VVP) in the Western Rift. Lavas from Nyiragongo volcano have Nd-Sr-Pb isotopic compositions that overlap with bulk earth values whereas those from Nyiramugira and other VVP volcanoes are more akin to enriched mantle (EMII); we term these plume components "V" and "EMII," respectively. Finally, a plume compositionally similar to the "HIMU" plume observed in some ocean islands (where HIMU = high µ or high U/Pb) is proposed for the EARS mantle south of the Turkana Depression in northern Kenyan (Furman et al., 2006; Furman, 2007) .
The recently-reported high 3 He/ 4 He ratios similar to those of the Afar plume at the Rungwe Volcanic Province (RVP) in southern Tanzania extends the influence of mantle plume magmatism to near the southernmost tip of the EARS (Hilton et al., 2011) . In this contribution, we present the trace element and Sr-Nd-Pb isotope composition of the RVP samples previously analyzed for 3 He/ 4 He ratios (Hilton et al., 2011) , first to constrain the nature of the mantle plume source near the site of rift initiation in the southern EARS, and second to compare and contrast such a source with those postulated along the relatively more developed rifts to the north. Our results suggest that the regionally extensive African Superplume with a limited range of composition provides a common source for all reported plume occurrences and, thus, we propose a unified mantle plume model for the entire EARS. The Superplume is best manifested, though still not in pure form, in high 3 He/ 4 He magmatism in the MER and RVP as well as in the VVP. In areas where plume magmatism is not obvious geochemically (e.g., absence of high 3 He/ 4 He ratio), its influence is otherwise clearly expressed through carbonatite metasomatism. Such a unified model indicates that mantle geodynamics play a crucial role in the initiation and evolution of the EARS as well as in ocean formation as a whole.
BRIEF GEOLOGIC BACKGROUND EAST AFRICAN RIFT SYSTEM
The EARS stretches for >2000 km, originating from the Afar triple junction and traversing the Ethiopia Dome southward along the MER before bifurcating to the east and west of the Tanzania Craton of the Kenyan Dome along the Kenyan and Western rifts (Figure 1) . The two highlands, the Ethiopia and Kenyan domes, are viewed as geophysical manifestations of upwelling mantle plumes, possibly originating at the core-mantle boundary (e.g., Nyblade et al., 2000; Nyblade, 2011; Hansen et al., 2012) . Rift initiation began in southern Ethiopia at approximately 45 Ma (George et al., 1998) , with the start of volcanism occurring in northern Ethiopia and Yemen at approximately 30 Ma . Currently, volcanism characterizes the entire length of the EARS, which, together with the Afar Depression, represents one of the largest active continental igneous provinces on Earth (e.g., Bastow et al., 2008) .
The geochemistry of recent EARS lavas magmas exhibits strong regional trends with mainly tholeiitic-transitional magmas sourced from the sublithospheric (asthenosphere plus plume) mantle effusing in the Afar region, MER and Kenyan Rift, although the latter region has also been influenced by lithospheric components (e.g., Rogers et al., 1992 Rogers et al., , 1998 Rogers et al., , 2000 Furman and Graham, 1999; Furman et al., 2006; Rogers, 2006; Furman, 2007; Chakrabarti et al., 2009; Rosenthal et al., 2009; Rooney et al., 2012) . In comparison, volcanism along the Western Rift, which includes the Toro Ankole, Virunga, Kivu, and Rungwe volcanic provinces (Figure 1 ), started ∼later (≤23 Ma), is more sporadic and lesser in volume. Although detailed studies have revealed significant geochemical differences among volcanoes within a single province, Western Rift lavas as a whole are silica-undersaturated and include ultrapotassic, hypersodic, and carbonatitic compositions; these are remarkably enriched in incompatible trace and volatile elements (see also, Rogers et al., 1992 Rogers et al., , 1998 Rudnick et al., 1993; Foley et al., 2012) . The strong geochemical enrichment of Western Rift lavas bears the imprint of a continental lithospheric source as well as traces of crustal assimilation in the more differentiated lavas. In general, the range of geochemistry of the Western Rift basalts and their differentiates may have resulted from variable degrees of partial melting due to differences in e.g., depth or pressure, of an underlying, common lithospheric mantle that had been metasomatized by carbonatite-rich fluid (see also, Vollmer and Norry, 1983a,b; Rudnick et al., 1993; Rosenthal et al., 2009; Foley et al., 2012) .
RUNGWE VOLCANIC PROVINCE
The post-Miocene mafic lavas in the RVP, which lies at the southernmost extreme of the Western Rift (Figure 1) , have been studied in detail by Furman (1995; see also, Furman and Graham, 1999) . These include alkali basalts, basanites, nephelinites, and picrites. Phonolites and trachytes are also present, but tholeiitic, ultrapotassic, and hypersodic compositions are absent (see also Harkin, 1960; Ebinger et al., 1989) . Compared to the others in the Western Rift, RVP mafic lavas are among the least potassic, although they still contain high abundances of incompatible trace elements, the behavior of some of which is highly variable and parallels the range observed in global ocean island basalts (OIB). As in other volcanic provinces in the Western Rift, there are geochemical differences within and among the RVP lava suites. Part of the geochemical variations can be ascribed to varying degrees of fractional crystallization, e.g., within the alkali rock suite, although clearly the lavas cannot be related to a single fractionation event. Some of the geochemical variations are due to variation in the degree of partial melting of the source: major and trace element data suggest that the degree of partial melting decreases from alkali basalt to basanite to nephelinite, although, as a whole, RVP magmas are among those produced by the lowest degrees of melting along the Western Rift. Data also suggest that the alkali basalts and some of the nephelinites were generated at shallower depth (lower pressure) than the basanites and another group of nephelinites, but as a whole, melting most probably occurred at pressures that span the garnet-spinel transition (60 ∼ 80 km depth). Incompatible trace element abundances, particularly in nephelinite and basanite samples, suggest that the source is a CO 2 -rich peridotite containing metasomatic amphibole and phlogophite plus accessory phases ilmenite, apatite and zircon. Significantly, RVP lavas have a relatively restricted range of Sr and Nd isotopes (range presented, but actual data not reported by Furman and Graham, 1999) that fall ∼close to the bulk silicate Earth (BSE) value despite the relatively large variations in their major and trace element contents. Carbonatite metasomatism of the continental lithospheric mantle, as opposed to arrival of a mantle plume, has been proposed as the main process that shaped the magma source of RVP lavas (e.g., see also, Furman, 2007) .
ANALYTICAL PROCEDURE
We analyzed selected RVP samples for the trace element (n = 20) and Sr, Nd and Pb isotopic (n = 15) composition from samples previously analyzed for helium isotopic and major element compositions (Hilton et al., 2011) . Aliquots of the powders used for major element analysis (Hilton et al., 2011) were analyzed to avoid analytical bias. The sample preparation procedure used is similar to that described in Janney and Castillo (1997) . For trace element analysis, about 25-mg powder of each sample was digested with a double-distilled, 2:1 mixture of concentrated HF:HNO 3 acid in a clean Teflon beaker. The digested sample was diluted ∼4000-fold with a 1% HNO 3 solution containing 1 ppb 115 In as internal standard. Trace element concentrations were obtained using a Finnigan Element 2 high-resolution inductivelycoupled mass spectrometer (ICP-MS) at SIO. Calibration was performed using a series of 4 synthetic multi-element standard solutions. Time-and mass-dependent instrumental drift was corrected for by applying a mass-interpolated internal standard correction and by correcting measured sample concentrations with a well-characterized in-house basalt standard analyzed between every 7 samples. Replicate analyses of international rock standards treated as unknown samples show trace element accuracy to be <10%, with most of the elements including the rare earth elements (REE) precise to within 5% (see additional notes under Table 1 ).
Strontium, Nd and Pb isotope ratios were determined using a 9-collector, Micromass Sector 54 thermal ionization mass spectrometer (TIMS) at SIO. The sample preparation procedure is also similar to that described in Tian et al. (2008) . Rock powders were digested using the same procedure described above for trace element analysis. Lead was first separated by re-dissolving the dried samples in 1N HBr and then passing the solutions through a small ion exchange column in a HBr medium. Strontium and REE were separated from the residual solutions in an ion exchange column using HCl as the eluent. Finally, Nd was separated from the rest of the REE in an ion exchange column using alpha hydroxyisobutyric acid as the eluent. Total procedural blanks are <35 pg for Sr, <80 pg for Nd, and <90 pg for Pb.
Strontium isotopic ratios were fractionation-corrected to 86 Table 2 refer to within-run statistics. Tables 1, 2 and plotted in Figures 2-4 . The samples analyzed consist mainly of alkalic basalt lavas and basaltic tephras from the two volcanic series in the RVP: Older Extrusives, formed by the earliest eruptions of the Ngozi and Katete central volcanoes at ∼7 Ma, and Younger Extrusives formed by activities of the Rungwe, Tukuyu, Kiejo, and Ngozi volcanoes from the mid-Pliocene to present (Harkin, 1960; Ebinger et al., 1989; Furman, 1995) . Based on silica and total alkali contents, the majority of our samples are basanites and the remainders are picrobasalts, an alkali basalt and a hawaiite (Figure 2A) . Some of the basanites are primitive as they contain high MgO (>19 wt%), Ni (>1100 ppm) and Cr (>600 ppm). Similar to other Rungwe mafic samples (Furman, 1995) , the basanites and alkali basalt are neither hypersodic nor ultra-potassic (2.2-4.5 wt% Na 2 O; 0.8-2.2 wt% K 2 O; 0.3-0.5 K 2 O/Na 2 O) and, thus, differ from most of Western Rift volcanics.
RESULTS

New analyses for RVP samples are presented in
The first significant feature of our new data is that they basically fall within the range of previously-published trace element and Sr-Nd isotopic compositions (Furman, 1995; Furman and Graham, 1999 ; note that Furman and Graham presented the Sr-Nd isotopic range, but did not report the actual data for RVP lavas). Combined results show RVP samples have variable trace element contents that, as a whole, are more enriched in highly incompatible trace elements than mid-ocean ridge basalts (MORB) and OIB ( Figure 2B ). Similar to other Western Rift lavas, RVP samples display steep, subparallel, convex-upward normalized patterns that show relative enrichment in Ba and Rubidium, Ba and Sr (in italics) were previously analyzed by XRF methods (Hilton et al., 2011) . All others were analyzed using a Thermo Finnigan Element 2 high-resolution ICP-MS. depletion in Rb and Pb (see also Furman and Graham, 1999) . They also have higher incompatible trace element contents and normalized highly-to moderately-incompatible trace element ratios such as Ba/Zr, Rb/Sr, and Nb/La than MER lavas. Although Rungwe samples have elevated REE relative to high field strength elements (HFSE) of similar compatibility (e.g., Hf, Zr, Ti, Y), these are not enriched in REE relative to Nb and Ta, unlike the alkalic lavas of Karisimbi volcano or the Italian Province (Furman, 1995) . Moreover, most of their incompatible trace elements do not correlate with MgO (not shown). However, their compatible trace elements correlate with MgO and some of their incompatible trace elements correlate with La ( Figure 4 ; see also Furman, 1995 Figure 3A) . They have relatively higher 87 Sr/ 86 Sr and lower 143 Nd/ 144 Nd than (a) the majority of MER samples which contain the signature of the proposed Afar plume C (Rooney et al., 2012) , (b) the proposed Kenyan plume K (Rogers et al., 2000) , and (c) the characteristics of the classic HIMU islands of Saint Helena, Mangaia and Tubuai ( Figure 3A) . Samples from the Toro-Ankole Province (Davies and Lloyd, 1989) plot exactly within the RVP field and are not shown for clarity of presentation. Moreover, RVP has 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios that cluster within a limited field bridging the gap between the young, strongly alkaline Nyiragongo volcano, which is proposed to represent the expression in the VVP of mantle plume component V, on the one hand, and Nyiramugira and other VVP lavas representing component EMII, on the other (Chakrabarti et al., 2009) . Notably, the latter group of lavas, some of which possess extremely radiogenic 87 Sr/ 86 Sr ratios, have also been interpreted as products of direct melting of the thick continental lithosphere (Davies and Lloyd, 1989; Lloyd et al., 1991; Furman, 1995, 2007 and references therein; Rogers et al., 1992 Rogers et al., , 1998 Furman and Graham, 1999) .
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Finally, RVP has variable Pb isotope ratios that clearly overlap in 206 Pb/ 204 Pb with the MER (Rooney et al., 2012) at the depleted (low 206 Pb/ 204 Pb) extreme and VVP at the radiogenic (high 206 Pb/ 204 Pb) end ( Figure 3B) . Significantly, the radiogenic Pb RVP samples overlap with the Nyiragongo melilite-bearing nephelinites, some of which have unusually ultra-radiogenic Pb isotopic ratios (e.g., 206 Pb/ 204 Pb = 23-62, not shown for clarity; Vollmer and Norry, 1983a,b) . A clear exception to this general trend is sample TAZ09-12, which has low 206 Pb/ 204 Pb but unusually high 208 Pb/ 204 Pb (and 207 Pb/ 204 Pb); it also has the highest 87 Sr/ 86 Sr and ∼lowest 143 Nd/ 144 Nd ratios of the entire RVP sample suite ( Figure 3A) .
DISCUSSION PETROGENESIS OF THE RVP MAGMAS
As a subset of the RVP sample suite (Figures 2-4) , the geochemical characteristics of our new analyses are similar to those of other RVP samples. For example, their gross compositional variabilities (e.g., decrease in MgO, increase in SiO 2 - Figure 2 ) are broadly consistent with the effects of varying degrees of fractional crystallization (Furman, 1995) . However, the basanites are not petrogenetically linked by a single fractionation event or process as these were erupted at different times and from separate volcanic centers. More importantly, all samples Sun and McDonough, 1989) . Previous RVP data from Furman (1995) ; N-MORB is normal mid-ocean ridge basalt and OIB is ocean island basalt (from Sun and McDonough, 1989) .
have a range of Sr, Nd, and Pb isotopic ratios (Figure 3 ), suggesting that, like the rest of RVP samples, they did not come from a single, compositionally homogeneous source. It is also noteworthy that it has been suggested that the overall chemical and Sr and Nd isotopic characteristics of the RVP lavas indicate their parental magmas most probably formed through variable degrees (and pressures) of partial melting of the lithospheric mantle that had been metasomatized by carbonatitic magma (Furman, 1995 (Furman, , 2007 Furman and Graham, 1999) .
Closer inspection of the Sr-Nd isotope characteristics ( Figure 5A ) reveals that RVP samples fall along curved trajectories formed through binary mixing between sample TAZ09-12, which falls within the ∼middle of the field for Early Proterozoic lithospheric mantle (see Figure 3A) , and one of the melilitebearing nephelinites from Nyiragongo volcano in the VVP (Vollmer and Norry, 1983a,b) . This nephelinite is simply representative of mantle plume V that underlies the VVP; its composition will be discussed in more detail below and in Section RVP in Relation to EARS Magmatism. The convex-down nature of the mixing trajectories is consistent with a lower Nd/Sr ratio in the V endmember compared to the lithospheric mantle endmember. Variation in the curvatures (r-factor) of the mixing lines, between A B FIGURE 3 | (A) 143 Nd/ 144 Nd vs. 87 Sr/ 86 Sr for RVP samples; symbol used is 2X larger than analytical error. EMI, C, FOZO, EMII, BSE, and HIMU are proposed mantle endmembers (Hart et al., 1992; White, 2010) . V, K, and C are the proposed Virunga (this study, modified from Chakrabarti et al., 2009) , Kenyan (Rogers et al., 2000) and Afar (Rooney et al., 2012) (Vollmer and Norry, 1983a,b) . (Trua et al., 1999; Rooney et al., 2012) Chazot and Bertrand, 1993; Lucassen et al., 2008) , which is ∼similar to one of the depleted samples from the local lithospheric mantle beneath the Gulf Aden ( 87 Sr/ 86 Sr = 0.702796; Sr = 144.3 ppm; 143 Nd/ 144 Nd = 0.51317; Nd = 7 ppm) (Rooney et al., 2012) , and the same Nyiragongo melilite-bearing nephelinites used in plot A ( 87 Sr/ 86 Sr = 0.70457; Sr = 2421 ppm; 143 Nd/ 144 Nd = 0.51276; Nd = 117.4 ppm) (Vollmer and Norry, 1983b) . Curvatures of the mixing lines [r = (Nd/Sr nephelinite )/(Nd/Sr local asthenosphere )] shown range from 1 to 1000. The convex-down nature of the mixing lines fits the range and scatter of the bulk of the MER lavas and mobile belt (ML) mafic lavas from the Kenyan Rift (Rogers et al., 2000) . Short bars along mixing lines represent increments of proportions of plume V. The mixing (Continued) FIGURE 5 | Continued lines also cover some of the mafic lavas from the southern Kenyan Rift, from reactivated craton margin (RCM) and Tanzanian craton (TC) sections (Rogers et al., 2000) , but these also contain SCLM component and so are more heterogeneous (see text). It is important to note that the curvatures of some of the mixing lines in plot B requires a factor of 1000 variation in the Sr/Nd ratio and is not observed in the Samples. A more likely explanation for the scatter in the original data is heterogeneity in both end-members, which is certainly expected. Lead isotope ratios provide more details on the composition of mantle plume V because the low concentration of Pb relative to other elements ( Figure 2B ) makes them highly sensitive to the effects of radiogenic in-growth and contamination. Vollmer and Norry (1983a,b) proposed that the aforementioned Nyiragongo nephelinites with ultra-radiogenic Pb were formed by carbonatite-rich metasomatizing fluids that permeated the mantle domain beneath the VVP. Notably, Vollmer and Norry also pointed out that the fluids have present-day 87 Sr/ 86 Sr ∼0.7046 and 143 Nd/ 144 Nd ∼0.5128 ratios-values which are within the range of values for the young Nyiragongo and Nyiramugira volcanics that originated from mantle plume V (Figures 3A, 5A) . Moreover, these fluids have exceptionally high Th/Pb and U/Pb ratios that produced the ultra-radiogenic Pb isotopic ratios ( 206 Pb/ 204 Pb = 23-62) in a number of nephelinites. The high Pb isotope ratio nephelinites define a 484 ± 28 Ma isochron (Vollmer and Norry, 1983a,b) , with most of the remaining nephelinites falling along this line ( Figure 3B) Figure 5C ; see also Chakrabarti et al., 2009) .
Taking the Sr-Nd-Pb isotope evidence together, we propose that the mantle plume V beneath VVP, which has a distinct through limited range of isotopic composition (average 87 Figures 3, 5) , likewise best represents the same mantle plume mainly responsible for the petrogenesis of RVP lavas. We argue that the previously proposed carbonatitic materials that had more or less almost completely metasomatized the lithospheric mantle beneath the VVP for at least, ∼500 m.y. (Vollmer and Norry, 1983a,b) and possibly as long as 1 b.y. (e.g., Davies and Lloyd, 1989; Rudnick et al., 1993; Furman, 1995 Furman, , 2007 Furman and Graham, 1999; Rogers, 2006; Rosenthal et al., 2009; Foley et al., 2012) represent mantle plume V (see more discussion in Section Western Rift Magmatism). The same mantle plume has not completely metasomatized the lithospheric mantle beneath RVP and, thus, evidence of mixing between mantle plume V and the lithosphere is still evident in the RVP Sr, Nd, and Pb isotopic compositions (Figures 3, 5) .
Below, we show that the compositional characteristics of mantle plume V are also shared by the majority of Western, Ethiopian and Kenyan rift lavas. We propose that this is due to the carbonatitic metasomatism of the lithosphere beneath the entire EARS by a single mantle plume source: the African Superplume (Castillo et al., 2012) .
RVP IN RELATION TO EARS MAGMATISM
Western Rift magmatism
As already noted, there are significant geochemical differences within and among the volcanic provinces along the Western Rift, with some of these differences ascribed to variations in depth and degree of partial melting of the carbonatite-metasomatized continental lithospheric mantle (e.g., Furman, 1995 Furman, , 2007 Rogers, 2006 , and references therein). The differences are indicated, e.g., by the ranges of silica saturation (represented by SiO 2 content) of Western Rift lavas that had been shown to correlate with variations in depth and extent of source melting (see also, e.g., Rosenthal et al., 2009; Foley et al., 2012) . For example, undersaturated lavas from RVP together with those from Nyiragongo in VVP and from the Toro-Ankole Volcanic Province indicate lower degrees of melting whereas the silica saturated to mildly undersaturated Kivu Volcanic Province lavas indicate higher degree of melting. The overall geochemistry of the Western Rift lavas likewise indicates slight variation in melting depth from the garnet stability field to the ∼shallower depth range of garnetspinel transition. Geochemical indices such as strong covariation between Al 2 O 3 and MgO and steep REE profiles with nearly constant HREE abundances, observed in RVP nephelinites and mafic lavas from Nyiragongo in VVP and from the Toro-Ankole province, are consistent with melting in the presence of residual garnet. On the other hand, RVP alkali basalts and some basanites show a weaker dependence of Al 2 O 3 on MgO content and more variable HREE abundances, suggesting that they did not equilibrate with residual garnet (Furman, 2007 and references therein) . Finally, some of the geochemical differences in Western Rift lavas, particularly in their trace element contents, may have also resulted from variations in accessory phases (i.e., phlogopite, amphibole, apatite, zircon, ilmenite, sphene) in the local continental lithospheric mantle source beneath each volcano (Furman, 1995) .
Despite the aforementioned geochemical differences, and particularly their extreme isotopic variability (Figures 3A,B; see also, Rogers, 2006; Furman, 2007) Furman and Graham (1999) claimed to be ∼0.7050, ∼0.51264, and ∼19.0, respectively. Most of the Western Rift lavas also have certain trace element ratios, such as La/Nb, Ba/Nb, and Th/Nb, when plotted against 143 Nd/ 144 Nd that also converge or trend to a small range of common values. Thus, it is also proposed that the common composition of Western Rift lavas is due to the presence of a "common lithospheric mantle" source beneath the rift, and this was formed due to widespread carbonatitic metasomatism events between 500 and 1000 Ma (Furman and Graham, 1999) . Our study concurs that the bulk of Western Rift lavas indeed project to such a common composition, and that their lithospheric mantle source is a product of long-term (up to b.y.) carbonatitic metasomatism (e.g., Vollmer and Norry, 1983a,b; Rudnick et al., 1993; Furman, 1995 Furman, , 2007 Furman and Graham, 1999; Rogers, 2006; Chakrabarti et al., 2009; Rosenthal et al., 2009; Foley et al., 2012) . However, here we argue that such a widely recognized metasomatic effect of carbonatitic material along the EARS is a direct manifestation of mantle plume V (Castillo et al., 2012 ; see also Rooney et al., 2011) .
To illustrate the common trace element composition of the lithosphere, Nb/Zr is plotted against 143 Nd/ 144 Nd and 87 Sr/ 86 Sr ratios (Figures 6A,B) . Both Nb and Zr are high-field strength elements (HFSE) and, hence, they are not susceptible to alteration and cannot be easily fractionated from each other by normal magmatic differentiation processes, but can be modified through metasomatism. Figures 6A,B show Western Rift lavas including those from RVP have large variations in all ratios and assume roughly triangular configurations. The Nyiragongo plus Nyiramugira, Muhavura plus Karisimbi volcanoes (all in VVP), particularly their highly differentiated lavas, and Kivu Volcanic Province define the three apices of the triangles. In our proposed model, the ∼true composition of mantle plume V is in the interior of the triangles, near the bottom of the Nyiragongo plus Nyiramugira ∼vertical trend, the extreme end (i.e., highest Nb/Zr ratios) of which reflects intense metasomatism of the lithosphere by the plume. Indeed, such unusually high ratios of HFSE elements are a diagnostic feature of carbonatite metasomatism (Dupuy et al., 1992; Rudnick et al., 1993; Furman and Graham, 1999; Chakrabarti et al., 2009 Furman and Graham (1999) is within the range of the Nyiragongo and Nyiramugira lavas (Figures 3, 5) . Note that unlike trace element contents that can be continuously increased by long-term and continuous metasomatism (e.g., Nb/Zr in Figure 6 ), long-term metasomatism can modify the isotopic composition of the lithosphere in two ways: (1) by alteration to match that of plume V through mixing, and (2) through radiogenic in-growth, such as the highly radiogenic isotopic composition of melilite-bearing nephelinites (Vollmer and Norry, 1983a,b) in isolated pockets wherein plume material dominates.
One of the net effects of the continuous addition of plume material would be to move the Sr and Nd isotopic values of the different lithospheric mantles to that of plume V and increase the curvature (or r factor) of the mixing relationship between Generally, protracted metasomatism continuously affects incompatible trace element ratios of the lithopheric mantle, but at the same time converting its 143 Nd/ 144 Nd and 87 Sr/ 86 Sr ratios to the composition of mantle plume V. Consequently, it adds a fourth pseudo-endmember source of EARS lavas, which are products of variable mixing among the sources-V and 3 corners of the triangle. More explanations in the text. (Figures 5A,B) . Similarly, continuous addition of plume material will contaminate the variable Pb isotopic composition of the lithospheric mantles to the plume Pb isotopic composition ( Figure 5C ). However, with time, the plume Pb isotopic signature becomes more radiogenic because of the high U/Pb ratio of the carbonatitic material (Castillo, 2013 ) and the shorter half-lives of the U and Th parent isotopes compared to those of the Rb and Sm parent isotopes. These two factors produce the radiogenic Pb isotopic signal that Furman et al. (2006) termed the ocean island HIMU plume component in the southern EARS. Moreover, such BSE-like Sr and Nd plus radiogenic Pb isotopic composition of plume V fall under the "young HIMU" group of mantle plumes or the redefined, large group of "FOZO" mantle plumes (Castillo, 2013 ; see Section The Nature of the High 3 He/ 4 He Mantle Plume V for Additional Discussion).
Sr and Nd isotopes
Recently, Rooney et al. (2014) argued that the HIMU-like Miocene lavas in Ethiopia, adjacent to the northern part of the EARS, are indeed not due to the presence of a HIMU plume (cf., Furman et al., 2006) ; instead these are products of the long-term evolution of a lithospheric metasome. Such a model is similar to our proposal except that they suggested that the lithospheric metasome was mainly created by subduction fluids during a Neoproterozoic subduction event associated with the Pan-African orogeny and only partly due to the arrival of a mantle plume that is different from the Afar plume C. Their main arguments were that the 206 Pb/ 204 Pb and 207 Pb/ 204 Pb ratios of the Miocene shield volcano near Gerba Guracha on the western Ethiopian plateau are higher whereas their 176 Hf/ 177 Hf isotopes are lower than those of the MER, which carries the Afar plume signature. Such an increase in Miocene Pb isotopes to a certain extent mimics the radiogenic in-growth of Pb isotopes in the aforementioned VVP nephelinites (Vollmer and Norry, 1983a,b) , save for the lower initial Pb isotopic composition of the ∼younger lithospheric mantle beneath Ethiopia compared to that beneath VVP (Figure 1) . Thus, their model for the origin of the Gerba Guracha Pb isotopic signature is similar to our proposal. It is noteworthy, however, that the HIMU-like Pb isotopic signature is also prevalent in the southern EARS (Furman et al., 2006; Furman, 2007) , which was not affected by the Neoproterozoic subduction event associated with the Pan-African orogeny (Figure 1) . Regarding Hf isotopes, Rooney et al. claimed that the lithospheric metasome inherited the low Lu/Hf ratio of subduction fluids and this maintains the initial low 176 Hf/ 177 Hf ratio of the plume source in the metasome. Significantly, however, the hallmark geochemical depletion in convergent margin magmas of high field strength elements (HFSE), particularly Nb but also Ti and Hf, clearly suggests HFSE depletion in subduction fluids (Gill, 1981) . Indeed, magmas derived from such a lithosphere metasomatized by subduction fluids are depleted in HFSE (e.g., Pearce et al., 1990; Castillo, 2008; Arslan et al., 2013) . Consequently, Neoproterozoic subduction fluids would have imparted a high, not low, Lu/Hf ratio in the lithospheric metasome that, in turn, would have increased, instead of maintained, the Gerba Guracha 176 Hf/ 177 Hf ratio. Moreover, the lithospheric metasome clearly has high Nb and other HFSE content (Figures 6A,B) and, thus, we argue that the metasome was created mainly by a mantle plume instead of subduction fluids. Finally, as discussed in Section Ethiopian Rift Magmatism, mantle plume V, with lower 143 Nd/ 144 Nd and 176 Hf/ 177 Hf ratios, ∼similar to those of the Miocene Gerba Guracha volcano, better represents the Afar plume than C.
In summary, we argue that the compositional convergence of Western Rift (and indeed the entire EARS-see additional arguments in Sections Ethiopian Rift Magmatism and Kenyan Rift Magmatism) lavas is due to the presence of a common mantle plume V, with a limited range of compositions, that had been continuously metasomatizing the compositionally variable lithosphere beneath the Western Rift for the last 500-1000 m.y. Moreover, the aforementioned differences in depth and pressure conditions that affect the extent of partial melting as well as stability fields of garnet, spinel, and accessory phases, in addition to long-term effect of carbonatitic metasomatism, further add complexities to the composition of Western Rift lavas (see also, Rogers et al., 1992 Rogers et al., , 1998 Rosenthal et al., 2009; Foley et al., 2012) . For example, in contrast to the conclusion of Chakrabarti et al. (2009) that there are at least two components entrained in the heterogeneous mantle plume beneath the southern EARS, the large geochemical variation observed is most probably due to the influence of the compositionally heterogeneous continental lithosphere. Chakrabarti et al. (2009) Figure 3B) . However, both volcanoes have previously been documented to be products of continental lithospheric mantle as well as contamination by crustal components (e.g., De Mulder et al., 1986; Furman, 2007) . Thus, because the compositional characteristics of EMII are those of continental crust material (Jackson et al., 2007) , Muhavura and Karisimbi lavas appear to be derived from an EMII mantle plume although this is unlikely to be the case.
Ethiopian Rift magmatism
Lavas from the northern part of the EARS, along and near the MER, are predominantly transitional tholeiites that plot along the boundary between tholeiitic and alkalic rock series and have relatively simpler and more homogeneous compositions than those from the southern EARS (e.g., Rogers, 2006; Furman, 2007; Rooney et al., 2012 Rooney et al., , 2014 , and references therein). Such compositions appear to reflect the relative homogeneity of the underlying Late Proterozoic basement, which also underlies the northern Kenyan Rift (Figure 1) . However, Ethiopian Rift lavas also exhibit heterogeneity, but this time reflecting their relatively longer rifting history that includes the eruption of a thick sequence of flood basalts prior to continental break-up. The earliest magmatic activity in eastern Africa occurred at 45-35 Ma in southern Ethiopia and, hence, pre-date extension associated with the Ethiopian Rift and the Afar triple junction by at least 15 my. This activity consisted of eruption of older tholeiitic and younger alkalic lava suites, collectively termed the Amaro basalts, which are both relatively enriched in incompatible elements, particularly the alkalic lavas. It is noteworthy that George and Rogers (2002) claimed the Amaro basalts, particularly its alkalic suite member, are the earliest expression of plume magmatism in the EARS from the mantle plume K, which is compositionally distinct from the Afar plume (Rogers et al., 2000) .
The next phase of volcanism in the EARS was the Ethiopian flood (trap) basalt volcanism at 30-29 Ma, and this is widely believed to be due to the impact of a mantle plume head at the base of the lithosphere; hence, it is argued by some (e.g., Furman, 2007) to be the true precursor of modern rift magmatism in east Africa (cf., George and Rogers, 2002) . Unlike typical flood basalts elsewhere, most of the Miocene Ethiopian flood basalts are transitional tholeiites and have been ascribed to clinopyroxene removal at high (0.5 GPa) crustal pressures (Pik et al., 1999; George and Rogers, 2002; Rogers, 2006; Furman, 2007; Shinjo et al., 2011) . In northwestern Ethiopia and Yemen, the flood basalts can be subdivided into a low-TiO 2 and two types of high-TiO 2 groups (e.g., George et al., 1998) . The former group ranges from transitional tholeiites to tholeiites whereas the latter from transitional tholeiites to alkalic basalts. The subdivision is also shown in their trace element contents; the low-TiO 2 group has a generally flat normalized trace element distribution pattern whereas the highTiO 2 group has an incompatible trace element-enriched pattern, similar to OIB (Pik et al., 1999) .
The flood basalt event was followed by syn-extensional alkali basalt magmatism at 19-11 Ma in southern Ethiopia (e.g., George and Rogers, 2002) . The alkali basalts are more enriched in incompatible elements and have even more convex upward, OIB-like patterns than the older, 45-35 Ma lavas from the same region. In other words, the pattern of volcanism in the southwest Ethiopian magmatic province is characterized by episodic volcanism that becomes increasingly silica-undersaturated through time (see also Stewart and Rogers, 1996; Shinjo et al., 2011) .
At present, volcanic and magmatic activity in the northern part of east Africa is largely confined to the tectonically active segments of the MER, Afar and the active spreading centers of the Red Sea and the Gulf of Aden (Wolfenden et al., 2004) . Within Ethiopia, modern volcanism occurs primarily along the well-defined axis of rifting along the MER and in Afar (Hart et al., 1989; WoldeGabriel et al., 1990; Chernet and Hart, 1999; Furman, 2007) and produces bimodal mafic-differentiated lavas. The mafics consist of transitional tholeiitic to mildly alkalic basalts and the differentiated ones are rhyolites and trachytes. Compared to other Ethiopian lavas, MER lavas are less, though still relatively enriched in incompatible trace elements, although the details of enrichment definitely vary with location and age.
As a whole, recent northern EARS lavas have ∼higher 143 Nd/ 144 Nd and lower 87 Sr/ 86 Sr ratios than most lavas from the RVP and other EARS volcanic provinces, plotting to the upper left of bulk Earth and V-values (Figures 3A, 5B) . A widely accepted explanation for the Sr and Nd isotopic signature of Ethiopian Rift is that it is mainly a product of mixing among the depleted asthenospheric mantle, Afar plume and continental lithosphere (e.g., Rogers, 2006; Furman, 2007) . The most recent iteration of such a model is that the plume is centered beneath Lake Abhe in the Afar region, and that the MER lavas are products of mixing primarily between the proposed depleted mantle source of MORB (DMM) and mantle plume C (Hanan and Graham, 1996) , with 87 Sr/ 86 Sr = 0.7035, 143 Nd/ 144 Nd = 0.51287 and 206 Pb/ 204 Pb = 19.5 (Rooney et al., 2012) . The Afar plume has high 3 He/ 4 He (>15 R A ) ratio (Marty et al., 1996; Scarsi and Craig, 1996; Pik et al., 2006; Rooney et al., 2012) , which is commonly viewed as a critical indicator of mantle plumes originating from a more primitive or less degassed lower mantle, and one that has experienced long-term isolation from the convecting upper mantle (Courtillot et al., 2003) . Indeed, mantle component C, similar to mantle component FOZO (Figure 3A) , has been recognized to have the highest 3 He/ 4 He among OIB globally (Hanan and Graham, 1996; Hilton et al., 1999) . Notably, the Afar plume is the same one with 3 He/ 4 He ratio (up to ∼20 R A ) that Pik et al. (1999) had proposed to be the main source of some of the high-TiO 2 Ethiopian flood basalts. However, Pik et al. (1999) Pb/ 204 Pb ratios of plume V are similar to that of plume C (Figures 3B, 5C ; Vollmer and Norry, 1983a,b; Rooney et al., 2012) ; (b) correlation arrays of the few high ( 9 R A ) 3 He/ 4 He MER samples (Rooney et al., 2012) and the high 3 He/ 4 He RVP samples with incompatible trace element ratios converge to the ∼same mantle plume composition that has not been affected by carbonate metasomatism (Figures 6, 7) ; and (c) the 87 Sr/ 86 Sr and 143 Nd/ 144 Nd values of the bulk of MER lavas, particularly the few with high 3 He/ 4 He (>9 R A ) ratios, do not plot between C and DMM ( Figure 3A) -inconsistent with the proposal that the source of MER lavas is dominated (mass fraction = 49-80%) by DMM and mantle plume C (10-43%; Rooney et al., 2012) . Regarding the last argument, Rooney et al. (2012) claimed that the composition of MER lavas is due to ternary mixing among mantle plume C, DMM and a small amount of continental lithosphere, but because the three endmembers lie along a pseudo-linear array in the Sr against Nd isotope space, then samples lie along a binary mixing trajectory between C and an enriched component created by mixing between DMM and lithosphere. If this is true, then it is very similar to our proposed scenario in which the bulk of MER lavas are binary mixtures between enriched plume V and depleted, Late Proterozoic lithosphere ( Figure 5B) . In other words, we do not necessarily disagree that there may be three endmembers involved (Figures 5A,B) , but the bulk of MER lavas is simply due to binary mixing between Late Proterozoic lithosphere and mantle plume V.
In terms of Pb isotopic compositions, MER lavas are comparatively less radiogenic than those from the Western Rift, with a number of exceptions, e.g., RVP lavas are ∼similar to MER lavas (Figures 3B, 5C) . Rooney et al. (2012) propose that the 206 Pb/ 204 Pb ratio of their mantle plume C is ∼19.5, which is similar to that of plume V. This is remarkable given the fact that the 206 Pb/ 204 Pb value of plume V is constrained from the intersection of the Pb isotopic analyses from several Western Rift volcanoes (e.g., Vollmer and Norry, 1983a,b;  Figure 5C ) whereas that of plume C is from the intersection of Pb isotopic analyses from several Ethiopian Rift volcanoes (Rooney et al., 2012) . It is also remarkable that in addition to the negative linear relationships of the high 3 He/ 4 He and 206 Pb/ 204 Pb samples, there is a strong positive correlation between He and Pb isotopes for RVP and MER lavas with 3 He/ 4 He ratios >9 R A (Figure 8C) . Note that a similar (positive) correlation between He and Pb isotopes has been observed along the Reykjanes Ridge with 3 He/ 4 He and 206 Pb/ 204 Pb both increasing toward the Icelandic plume (Hilton et al., 2000) . However, no correlations exist among He, Sr and Nd isotope systems for either RVP or MER lavas (Figures 8A,B) . Such a lack of correlation (often termed "decoupling") has been noted previously and attributed to either a large He concentration contrast between plume and lithospheric mantle, making He the only tracer not overwhelmed by lithospheric additions, or prior metasomatic enrichment of the lithospheric mantle by plume-derived volatiles (Graham et al., 2009 ).
Here we propose an additional possibility that the volatiles associated with the arriving plume material beneath the lithospheric mantle make it relatively ∼faster and/or ∼easier to RVP and MER appear to merge to ∼common values, which we propose as plume V. The compositional variabilities in the bulk of RVP and MER lavas are due to differences in basement lithologies (see Figure 1 ) and effect of metasomatism (i.e., compare to Figure 6 ). That is, plume V that has high Nb content and Zr/Yb ratio than the lithospheric mantle, and continuous addition of the plume material increases the Nb/Zr, Nb/Hf, and Zr/Yb ratios of the metasomatized mantle.
participate in crustal volcanism compared to solid tracers of the plume in special tectonic settings such as in the RVP and along the MER (see Section The Nature of the High 3 He/ 4 He Mantle Plume V below). Such a process is due to the "outgassing" of abundant CO 2 from the carbonatitic plume material at depth that then acts as the carrier phase for the trace gases, as is proposed to explain the decoupling of helium from other geochemical tracers in the Hawaiian plume (e.g., Hofmann et al., 2011) . This notion is highly consistent with abundant CO 2 outgassing along the EARS (e.g., Craig et al., 1977; Fischer et al., 2009; Barry et al., 2013) . In contrast, the solid tracers are first involved in metasomatic reactions with the entire lithospheric mantle prior to actively participating in crustal volcanism. This concept is consistent with the measured plume signature in He, Ne and Ar gases trapped in mafic crystals and xenoliths from the entire EARS (Halldórsson et al., 2014) despite the apparent lack and/or variable presence of such a signature in other geochemical tracers. (Rooney et al., 2012) .
Kenyan Rift magmatism
In general, Kenyan Rift lavas are less alkalic and geochemically less enriched than those erupted along the Western Rift although their Sr-Nd-Pb isotope ratios are still broadly similar to OIB values (Rogers, 2006; Furman, 2007; and references therein) . In detail, the former is compositionally more diverse than both Ethiopian and Western rifts as its lavas range from tholeiite basalt through alkali basalt to basanite and up to nephelinite (Rogers et al., 2000) . Kenyan Rift lavas generally can be divided into two broad groups (Rogers, 2006; Rogers et al., 2000) . The first is relatively depleted in Sr, Nd and Pb isotopes ( 87 Sr/ 86 Sr = 0.7030-0.7035, 143 Nd/ 144 Nd = 0.5130-0.5127 and 206 Pb/ 204 Pb = 18.3-19.8), defines a steep negative trend on the Nd vs. Sr isotope diagram and plots on an array close to the northern hemisphere reference line (NHRL; Hart, 1988) on conventional Pb isotope diagrams. These isotopic values are claimed to be derived directly from a sublithospheric mantle source (Rogers et al., 2000) . In comparison, the second group is relatively more enriched ( 143 Nd/ 144 Nd = 0.5124-0.51275, 87 Sr/ 86 Sr = 0.7035-0.7056 and 206 Pb/ 204 Pb = 17.6-21.2), defines flat-lying arrays on Nd vs. Sr isotope space and has a much greater scatter and spread on Pb isotope diagrams, with many analyses plotting above the NHRL. To a first order, the first group consists of lavas from northern rift segments traversing the Middle to Late Proterozoic Pan-African Mozambique belt whereas the second group generally is found along rift segments close to the Tanzania Craton, through a zone of reactivated craton margin created during the Pan-African orogeny (Rogers et al., 2000; Rogers, 2006; Furman, 2007) , which is represented by the East African Orogenic zone in Figure 1 . Significantly, the differences in the compositions of parental mafic magmas in the Kenyan Rift generally correlate with differences in age and composition as well as in seismic anisotropy of the underlying lithosphere (Rogers et al., 2000; Rogers, 2006) . For example, although the broadly negative correlation between Zr/Nb (<2-7) and Ce/Y (1-8) in Kenyan Rift lavas generally indicates derivation from a garnet-bearing mantle source region as a result of <3% melting, those basalts from that segment of the rift underlain by the Tanzania Craton and, to a certain extent by reactivated craton margin, have higher Ce/Y and lower Zr/Nb ratios than those erupted through the Pan-African basement implying an origin either at greater depth or from a more trace element-enriched source region (Rogers et al., 2000) .
Despite these compositional variations, Kenyan Rift lavas are similar to Western Rift lavas as they also converge toward a common composition, although this time with 87 Sr/ 86 Sr = 0.7030-0.7035 and 143 Nd/ 144 Nd = 0.5130-0.5127 according to Rogers and co-workers (Rogers et al., 2000; George and Rogers, 2002; Rogers, 2006) . Rogers and co-workers also proposed that such a common composition originates from mantle plume K, which is compositionally distinct from the Afar plume C (Figures 3A,  5B) . They also claimed the compositional variation of Kenyan Rift lavas is due to the variable types of continental lithosphere beneath the different segments of the Kenyan Rift that mixed with the Kenyan plume. In other words, the basic principle of the model we propose to explain the compositional variations of Ethiopian and Western Rift had already been advocated by Rogers and co-workers for Kenyan Rift. The only difference between the models is the difference in the composition of the mantle plumes involved. In our proposed model, we argue that mantle plume V is as good if not better than plume K as source of Kenyan Rift lavas ( Figure 5B) . The spread and scatter of available Sr and Nd isotopic data for the less enriched lava group from the northern Kenyan Rift (i.e., the mobile group of Rogers et al., 2000) fit nicely with the convex down nature of the a binary mixing lines between V and a depleted, Middle to Late Proterozoic Pan-African lithospheric mantle beneath the northern Kenyan Rift, as in our proposed model for the MER (see also Figure 1 ). As before, the convex-down nature of the mixing trajectories is consistent with a lower Nd/Sr ratio in the Late Proterozoic lithosphere compared to the V endmember. Variation in the curvatures (r-factor) of the mixing lines between 1 and 1000 fits the range and scatter of the bulk of Kenyan Rift data. Finally, we note that the proportions of the two endmembers in any given sample are highly variable, lying between ∼1-50% mantle plume V contributions.
The same mixing lines also cover some of the mafic lavas from southern Kenyan Rift, although the bulk of the latter group are products of mixing between V and the heterogeneous continental lithospheric mantle beneath the Early Proterozoic as well as Archaean lithosphere that underlie the southern Kenyan Rift, as in our proposed model for the Western Rift (Figure 5) . Indeed, some of these enriched Kenyan Rift lavas had been pointed out to converge, together with Western Rift lavas, to the aforementioned "common lithospheric mantle" source (Furman and Graham, 1999) . Unfortunately, the Pb isotopic characteristics of the Kenyan Rift, and the entire EARS as a whole, are very heterogeneous and poorly understood (e.g., Furman and Graham, 1999; Furman, 2007) . The main reason for this is that the continental lithosphere is more enriched in Pb than the mantle (e.g., Hofmann, 1997) and, thus, is more isotopically heterogeneous. Combined with the shorter half-lives of U and Th compared to Rb and Sm (Section Western Rift Magmatism) , all what we can conclude at this point is that most of them converge to 206 Pb/ 204 Pb ∼19.4 ( Figure 5C ). A rigorous test of our model using Pb isotopes is beyond the scope of this study. In any case, it is also noteworthy that the aforementioned Amaro basalts (Section Ethiopian Rift Magmatism) that are claimed by George and Rogers (2002) to be the oldest manifestation of the Kenyan plume also plot along these mixing arrays, consistent with our proposal that the mantle plume signature of the entire EARS can be traced to a single mantle plume regardless of location and time of eruptions ( Figure 5B) .
In summary, the ranges in composition of the bulk of lavas from Western, Ethiopian and Kenyan rifts can be modeled as products of mixing between a common, mantle plume V with a limited compositional range and two main types of lithospheric mantles with different ages and compositions. In our proposed model, variable mixtures of Middle to Late Proterozoic lithosphere and plume V produce the compositional array of the less enriched group of northern Kenyan Rift and Ethiopian rift lavas ( Figure 5A ). On the other hand, the compositional array of the more enriched group of southern Kenyan Rift lavas and the bulk of Western Rift lavas is due to variable mixtures of plume V and Early Proterozoic lithospheric as well as Tanzania cratonic mantle and crust ( Figure 5B) . The long-term effects of mantle plume metasomatism of the lithospheric mantle add another layer of variations to the composition of EARS lava, making a simple, straightforward modeling very difficult (Figure 6 ). That is, the bulk lavas from the northern EARS (i.e., along Ethiopian and northern Kenyan rifts) that cut through Middle to Late Proterozoic basement plot along binary mixing lines between plume V and ∼depleted Late Proterozoic lithospheric mantle whereas the bulk lavas (Kivu lavas are clear exceptions) from the Western Rift (Figure 1 ) plot on the different binary mixing arrays, between plume V and the Early Proterozoic and Archaean lithospheric mantle, which for simplicity is represented here by sample TAZ09-2 (Figures 5A,B) . Some of the EARS lavas are direct products of mixing between the two lithospheres, with the mantle plume V providing the heat (see inset in Figure 5 ).
THE NATURE OF THE HIGH 3 He/ 4 He MANTLE PLUME V Our proposed model calls for a ubiquitous mantle plume V input beneath eastern Africa (Figure 9 ) to explain the genesis of the bulk of EARS magmas. Furthermore, its long-term metasomatic effect on the lithosphere likewise explains the compelling geochemical evidence for a strong lithospheric overprint in Western Rift and southern Kenyan Rift lavas. One of the major issues that need to be resolved is the survival of high (plume-like) 3 He/ 4 He ratios at RVP and MER given the narrow range of 3 He/ 4 He (6 ± 0.9 R A ) typical of lithospheric mantle in Tanzania (Hilton et al., 2011) and elsewhere (Gautheron and Moreira, 2002) . Figure 8 shows Pb/ 204 Pb for the RVP sample suite and lavas from the MER (Rooney et al., 2012) . In the absence of evidence that depleted MORB mantle (DMM) as a contributor to the petrogenesis in the Western Rift (Furman, 2007 ; but see Rooney et al., 2012 for a difference in opinion), the lack of correlations among He, Sr and Nd isotope systems for either RVP or the MER (Figure 8) suggest that the MORB-like 3 He/ 4 He values (8 ± 1 R A ) at RVP and MER must therefore result from long-term metasomatic enrichment of the lithospheric mantle by plume-derived volatiles (Graham et al., 2009 ). As noted earlier (Section Western Rift Magmatism), our model posits that the long-term metasomatic process beneath the EARS will cause the long-lived radiogenic Sr and Nd isotopic compositions of the bulk lithosphere to be near or up to that of mantle plume V; this is true for the majority of localities in the EARS because the isotopic decay of the parent 87 Rb and 147 Sm nuclides with long half-lives cannot keep up with the continuous supply of plume material with ∼constant isotopic compositions. In contrast, however, plume metasomatism cannot increase the 3 He/ 4 He of the bulk of lithosphere up to the distinct, high value (at least up to ∼20 R A ) of plume V because of the presence of abundant metasomatic U and Th, which ∼instantaneously produce radiogenic 4 He because of their much shorter half-lives, constantly reducing the He isotopic composition of the metasomatized lithosphere. Thus, the 8 ± 1 R A value observed in fluids from volcanic fumaroles and hydrothermal springs in the EARS must be derived from the metasomatized lithospheric mantle, and reflects the delicate balance between mantle plume influx of high 3 He/ 4 He from below and the radiogenic He production by U and Th in the metasomatized lithosphere beneath the surface. This notion is consistent with coupled He-Ne isotope systematics of the EARS which are best explained by admixture between a single mantle plume source and either a DMM or SCLM component but not both (Halldórsson et al., 2014) , thus highlighting the fact the all 3 He/ 4 He values are not necessarily representative of source features (Hilton et al., 2011) .
In contrast, there is a strong positive correlation between He and Pb isotopes for some RVP and MER lavas with 3 He/ 4 He ratios >9 R A (Figure 8C ). These high 3 He/ 4 He and 206 Pb/ 204 Pb samples also appear to converge to negative linear relationships with some refractory trace element ratios toward a distinct mantle source (Figure 7) . Thus, as in the case of Sr-Nd isotopes (Figure 3A) , He-Pb (and The gray area labeled Superplume is modified from the P-wave tomography model of Hansen et al. (2012) . Dash lines mark the 410 and 660 km discontinuities. This cartoon shows that the superplume comes from the core-mantle boundary, in one of the two lowest seismic velocity zones in the lower mantle (Castillo, 1988) . Middle panel-schematic block diagram for the ∼middle portion of the EARS (see inset for location of block B). Some of the symbols are as in Figure 1 . The three major sources of the compositional spectrum of the EARS are (1) mantle plume V, (2) East African Orogenic Zone and (3) Upper Paleoproterozoic supcrustals (+ Archaean) lithosphere (mantle and crust). The metasomatized lithospheric mantle is the fourth, ∼ubiquitous source. The superplume apparently has been supplying carbonatitic or plume material to the lithosphere beneath east Africa for up to a b.y. (e.g., Davies and Lloyd, 1989; Rogers, 2006; Furman, 2007) . It may be quite heterogeneous although in general, it still has a fairly limited range in composition especially compared to those of the lithospheric mantles. The combined effects of long-term metasomatism plus the heterogeneous composition and variable age and thickness of the lithosphere create an allusion of several compositionally distinct mantle plumes along the EARS. More discussions in the text (see also Figures 6, 7) . Bottom panel-a tectonothermal model for the 100-to 175-km depth slice of eastern Africa deduced from xenolith data (adapted from Begg et al., 2009) . Archon = tectonothermal event that occurred at ≥2.5 Ga, Proton = 2.5 − 1 Ga, and Tecton = <1 Ga; boundaries are open/gradational. That the entire EARS belongs to the Tecton domain is highly consistent with our proposal that EARS lavas are coming from a common, metasomatized lithospheric mantle (e.g., see middle panel). However, the higher average (and absolute) 87 Sr/ 86 Sr isotopic ratios of the Western Rift preserve its relatively older (Continued) FIGURE 9 | Continued lithospheric source than that of the eastern rifts. Sources of 87 Sr/ 86 Sr data: Main Ethiopian Rift, Rooney et al. (2012) and Trua et al. (1999) ; Turkana, Furman et al. (2006) ; Kenyan Rift, Rogers et al. (2000) ; Toro-Ankole, Rosenthal et al. (2009); Virunga, Vollmer and Norry (1983b) ; Rogers et al. (1992); and Chakrabarti et al. (2009); Kivu, Furman and Graham (1999) ; and Rungwe (this study).
the Reykjanes Ridge with 3 He/ 4 He and 206 Pb/ 204 Pb both increasing toward the Icelandic plume (Hilton et al., 2000) . In the EARS, we argue that the continuous arrival from below of mantle plume V material for a long time (up to b.y.) metasomatizes the different lithospheric mantles beneath eastern Africa, creating a more or less homogenized lithospheric mantle beneath the region (Figure 9) . Such a lithospheric mantle is sampled by EARS magmatism, creating a single, ∼younger tectonothermal architecture along the entire rift system (Begg et al., 2009) , despite differences in the original lithospheric compositions. On the other hand, the unique tectonic and structural settings at both RVP and MER allow some of the material to make it to the surface quicker (<500 m.y.) and, thus, still preserve some of the plume's original (e.g., 3 He/ 4 He >15 R A , 206 Pb/ 204 Pb >19) signature. This material mixes with other components on their way to the surface (Figures 5, 6) . Specifically, RVP lies in a triple rift junction (Figure 1 ) whereas the MER, like the bulk of the Ethiopian Rift, is the most developed, or has the most extended continental lithosphere, in the EARS (Rooney et al., 2012 and references therein) .
In many respects, the African Superplume is the obvious candidate as the ultimate host of our proposed mantle plume V with a high 3 He/ 4 He component given its postulated origin in the lowermost mantle and connection with seismically anomalous upper mantle beneath eastern Africa (Castillo, 1988; Nyblade, 2011; Hansen et al., 2012) . Our model in principle is similar to a single, heterogeneous mantle plume with a classic HIMU endmember composition (high 206 Pb/ 204 Pb >20) that is proposed to lie beneath the southern EARS only (Furman et al., 2006) . However, such a classic HIMU mantle plume most likely has low 3 He/ 4 He (<8 R A ) ratio (Class et al., 2005; Castillo, 2013) , and fails to account for the Sr, Nd and particularly the Pb isotope characteristics of the RVP dataset (Figure 3) and cannot explain the positive correlation between high 3 He/ 4 He and Pb isotopes ( Figure 8C) . In our proposed model, the plume V underlying eastern Africa is part of the broad group of young HIMU mantle plumes (e.g., Thirlwall, 1997; Stracke et al., 2005) (Castillo, 2013) and originate directly from the lower mantle (Castillo, 1988) .
SUMMARY AND IMPLICATIONS
Our results have a number of profound geologic implications. At the local scale, they lead to a clearer understanding of the petrogenesis of RVP magmas. Volatile-rich (primarily carbonatitic) plume materials must have metasomatized the Rungwe lithospheric mantle at various times, and raised the 3 He/ 4 He ratio from a starting value of ∼6 R A up to higher values, and led to the almost complete hybridization of some of its trace element plus Sr, Nd, and, to a large extent, Pb isotope compositions. Some of the compositional variations of RVP lavas are due to variations in depth and pressure of melting of such a metasomatized source plus fractional crystallization. However, some and/or more recently arrived plume materials partially bypass the metasomatism process and produce lavas that still bear some of the plume signature (e.g., high 206 Pb/ 204 Pb and 3 He/ 4 He up to 15 R A ).
Regionally, the proposed RVP and plume heads along the EARS can simply be backtracked to a common mantle plume, which most likely originates from the African Superplume. Manifestations of the bulk of EARS volcanism can be explained by mixing between plume V and ambient or local asthenospheric mantle, which was heterogeneous to start with, but is continuously being metasomatized by mantle plume V. Our preferred interpretation, which does not require the presence of several compositionally distinct plumes along the EARS (Figure 9) , is that the composition of the Ethiopian and northern Kenyan rift lavas would involve mixing between plume V and the Middle to Late Proterozoic Pan-African lithospheric mantle (e.g., Chazot and Bertrand, 1993; Lucassen et al., 2008) , which approaches the composition of depleted samples from the local lithospheric mantle beneath the Gulf of Aden (Rooney et al., 2012) . A similar scenario is proposed for the southern Kenyan and Western rift lavas: mixing between V and the more radiogenic mantle of the Early Proterozoic lithosphere plus Tanzania Craton (e.g., Rogers et al., 2000; Rogers, 2006) . The northern and southern mixing scenarios in principle are respectively similar to the currently proposed origins of MER (Rooney et al., 2012) and Kenyan (Rogers et al., 2000) rift lavas, except the current model calls for a common mantle plume V. The proposed mixing scenario shares attributes with a common lithospheric mantle model invoked for Western and southern Kenyan Rifts (Furman and Graham, 1999 ) and a HIMU model for the southern EARS. A good example how a common mantle plume V with a limited compositional variability can produce compositionally heterogeneous lavas that are being interpreted as derived from more than one plume is the VVP. Here, mafic lavas are heterogeneous, particularly in terms of their Pb isotopic composition, because these were erupted through the thick Tanzanian craton and, hence, primarily reflect the heterogeneity of the Tanzania lithosphere (e.g., Rogers et al., 1998; Chakrabarti et al., 2009) .
Finally, our proposal that multiple mantle plume heads or conduits with a high 3 He/ 4 He composition are directly linked to a large, geophysical feature in the lower mantle (Castillo et al., 2012; Halldórsson et al., 2014) provides additional constraints for the upwelling mechanics of the lower mantle (Castillo, 1988; Montelli et al., 2006) . In turn, this could lead to a better understanding of the buoyancy support mechanism of the volatile-and light element-rich mantle plume material impinging the Ethiopia and Kenyan domes and how it relates physically to lithospheric rifting along the EARS.
